ABSTRACT: A meta-analysis was conducted to examine phenotypic relationships between feed efficiency, scrotal circumference, and semen quality traits in yearling bulls. Data evaluated were obtained from 5 postweaning trials involving Angus (n = 92), Bonsmara (n = 62), and Santa Gertrudis (n = 50) bulls fed diets that ranged from 1.70 to 2.85 Mcal ME/kg DM. After an adaptation period of 24 to 28 d, feed intake was measured daily, and BW was measured at 7-or 14-d intervals during the 70-to 77-d trials. Ultrasound carcass traits (12th-rib back fat thickness, BF; LM area, LMA) and scrotal circumference (SC) were measured at the start and end of each trial. Semen samples were collected by electroejaculation within 51 d of the end of the trials when the age of bulls averaged from 365 to 444 d and were evaluated for progressive sperm motility and morphology. Residual feed intake (RFI) was calculated as the difference between actual DMI and expected DMI from linear regression of DMI on ADG and midtest BW 0.75 , with trial, trial by ADG, and trial by midtest BW 0.75 as random effects. Across all studies, bulls with low RFI phenotypes (<0.5 SD below the mean RFI of 0) consumed 20% less DM and had 10% less BF but had similar ADG, SC, and semen quality traits compared with high-RFI bulls (>0.5 SD above the mean RFI of 0). Gain to feed ratio was strongly correlated with ADG (0.60) and weakly correlated with initial BW (−0.17) and DMI (−0.26). Residual feed intake was not correlated with ADG, initial age, or BW but was correlated with DMI (0.71), G:F (−0.70), and BF (0.20). Initial SC (−0.20), gain in SC (−0.28), and percent normal sperm (−0.17) were correlated with G:F, but only sperm morphology was found to be weakly associated with RFI (0.13). These data suggest that RFI is not phenotypically associated with SC or sperm motility but is weakly associated with sperm morphology.
INTRODUCTION
Feed cost is the single largest variable expense associated with the production of beef, and it accounts for approximately 65% of the expense required to maintain a breeding herd (Arthur et al., 2004; Van der Westhuizen et al., 2004) . Ratio-based traits like G:F have been used to measure feed effi ciency, but favorable selection will result in increased growth and mature cow size. Residual feed intake (RFI) is a measure of feed effi ciency that is independent of growth traits (Herd and Arthur, 2009 ) and moderately heritable . Progressive seed stock producers are adopting technology to measure daily intake to assess feed effi ciency of growing bulls and heifers. Inclusion of RFI in selection indexes will enable selection for feed effi ciency with minimal effects on growth and other performance traits.
Studies have indicated that heifers with low RFI phenotypes may have delayed onset of puberty (Arthur et al., 2005; Basarab et al., 2007 Basarab et al., , 2011 Shaffer et al., 2011) . Basarab et al. (2011) suggested that measuring phenotypic RFI in postweaning heifers will favor latermaturing heifers as they have less additional energy demands associated with sexual development and activity. Although the mechanisms by which RFI infl uences age of puberty in females is still unclear, it is important to examine what impact this selection may have on male fertility. Scrotal circumference (SC) is correlated with sperm production and is important when evaluating breeding soundness of young bulls (Hahn et al., 1969; Lunstra and Echternkamp, 1982; Gipson et al., 1985) . Previous studies have reported that SC is not associated with RFI in growing bulls (Arthur et al., 2001a; Schenkel et al., 2004) ; however, few studies have examined the association of semen quality traits and RFI in cattle. This study was conducted to characterize feed effi ciency traits and examine phenotypic correlations with performance, SC, and semen quality traits in growing bulls.
MATERIALS AND METHODS
All procedures were approved by the Institutional Animal Care and Use Committee of Texas A&M University before the initiation of each trial.
Five postweaning trials using Angus (n = 92), Bonsmara (n = 62), and Santa Gertrudis (n = 50) bulls were conducted at the Beef Development Center (Millican, TX) (Corbet et al., 2006) .
The Bonsmara bulls located at the McGregor Research Center (Trial 1) and Angus bulls at the O. D. Butler Jr. Animal Science Complex (Trials 3 and 4) were stratifi ed by BW and randomly assigned to pens each equipped with 4 or 6 Calan gate feeders (American Calan, Northwood, NH), whereas the Angus bulls at the Beef Development Center (Trial 2) and Santa Gertrudis bulls at the Beef Research Unit (Trial 5) were randomly assigned to pens equipped with 9 or 4 GrowSafe feed bunk units (GrowSafe Systems Ltd., Airdrie, Alberta, Canada). For all trials, bulls were allowed a minimum of 24 d to adapt to experimental diets, which ranged from 1.70 to 2.85 Mcal ME/kg and 12.4% to 13.5% CP (DM basis; Table 1 ). Bulls in Trials 2, 3, 4, and 5 were fed ad libitum twice daily, whereas bulls in Trial 1 were fed ad libitum once daily.
Individual intakes were measured using the Calan gate system for 70 or 77 d during Trials 1, 3, and 4. During Trials 2 and 5, individual intakes were recorded for 70 and 77 d, respectively, using the GrowSafe Data system (DAQ 4000E). Procedures for fi ltering feed intake data collected from the GrowSafe feeding system (e.g., equipment malfunction or assigned feed disappearance) for Trials 2 and 5 were previously reported (Lancaster et al., 2009a,b) . Bulls were weighed at 14-d intervals, and hip height, SC, and real-time ultrasound measurements of 12th-rib fat thickness (BF) and LM area (LMA) were obtained at the start and end of each trial by an Ultrasound Guidelines Council fi eld-certifi ed technician using an Aloka 500-V instrument with a 17-cm, 3.5-MHz transducer (Corometrics Medical Systems Inc., Wallingford, CT). Ultrasound images were sent to the National Centralized Ultrasound Processing laboratory (Ames, IA) for analysis.
Breeding soundness examinations (BSE) were conducted 5, 34, 2, 51, and 25 d after the conclusion of Trials 1, 2, 3, 4, and 5, respectively, when bulls ranged from 365 to 444 d of age. Semen was collected using a programmable electroejaculator, and semen samples were visually assessed to determine sperm motility. Semen samples were retained for later evaluation of semen morphology. Bulls were given a BSE score as satisfactory or unsatisfactory for breeding on the basis of minimum criterion for SC, sperm motility, and sperm morphology as recommended by the Society of Theriogenology (Chenoweth et al., 1992) . 000 IU/kg product), vitamin E (8,800 IU/kg product), and a trace mineral containing a minimum of 19.0% Zn, 7.0% Mn, 4.5% Cu, 4,000 mg/kg Fe, 2,300 mg/kg I, 1,000 mg/kg Se, and 500 mg/kg Co.
2 Chemical analysis was conducted by an independent laboratory (Cumberland Valley Analytical Services Inc., Hagerstown, MD). ME concentrations were computed using the Cornell Net Carbohydrate and Protein System (version 5.0, Cornell University, Ithaca, NY).
Diet ingredient samples were collected weekly throughout the study and composited by weight for chemical analysis. Moisture analysis was conducted by drying in a forced-air oven for 48 h at 105°C (AOAC, 1995) , and chemical analysis was conducted by an independent laboratory (Cumberland Valley Analytical Services Inc., Hagerstown, MD). Ingredient and chemical composition of the experimental diets are presented in Table 1 .
Growth rates of individual bulls were modeled by linear regression of 14-d BW against day of the trial using the GLM procedure (SAS Inst. Inc., Cary, NC), and regression coeffi cients were used to compute ADG, initial and fi nal BW, and metabolic BW (MBW; midtest BW 0.75 ). Moisture analysis was used to calculate average daily DMI from feed intake data. Three feed efficiency traits were calculated for each animal including G:F (ADG divided by DMI), RFI unadjusted (RFIp) and RFI adjusted for interanimal variation in carcass composition as measured by ultrasound (RFIc). Unadjusted RFI was calculated as actual DMI minus DMI expected to meet growth and maintenance energy requirements (Koch et al., 1963) . Expected DMI was calculated by linear regression of DMI on MBW and ADG (Eq. 1) using a mixed model (SAS), with trial and trial by independent variable interactions included as random effects, and the variance component option was used for the variance-(co)variance matrix structure:
where Y ij is the standardized DMI of the jth bull in the ith trial, τ i is the random effect of the ith trial, X ijk is the kth ultrasound composition trait for the jth bull in the ith trial, β 0 is the regression intercept, b 1 is the regression coeffi cient on MBW, β 2 is the regression coeffi cient on ADG, β 3 is the regression coeffi cient on random trial, β 4 is the regression coeffi cient on the random interaction of MBW and trial, β 5 is the regression coeffi cient on the random interaction of ADG and trial, β x1 is the regression coeffi cient on the kth ultrasound composition trait, β x2 is the regression coeffi cient on the random interaction of the kth ultrasound composition trait and ith trial, and e ij is the uncontrolled error for the jth bull in the ith trial.
Stepwise regression analysis (PROC REG of SAS) was performed to determine the order of inclusion of ultrasound carcass traits in the base model to compute RFIc. Ultrasound carcass traits were sequentially added to the base model in the order determined by the stepwise regression analysis, and the change in the resulting coefficient of determination was used to establish their relative importance to account for additional variation in DMI.
Results from these analyses were used to determine the inclusion of ultrasound measurements of carcass composition to calculate expected DMI. An additional RFI trait (RFIc) was computed from expected DMI adjusted for carcass composition as well as for MBW and ADG.
The MIXED procedure of SAS was used to adjust age, performance, and feed effi ciency (excluding RFIp and RFIc) traits, ultrasound measures of carcass composition, and SC for the random effect of trial. Dependent variables were analyzed using a one-way random effect treatment structure with trial as a random effect (Littell et al., 2006) and an adjusted variable calculated as the overall mean plus the residual. Phenotypic correlation coeffi cients (CORR procedure of SAS) were generated among adjusted variables and BSE parameters. Bulls were classifi ed into low-, medium-, and high-RFI phenotype groups that were <0.5, ±0.5 and >0.5 SD, respectively, from the mean RFIp of 0.00 ± 0.90 kg/d. A general linear model (MIXED procedure of SAS) was used to examine the fi xed effect of RFIp group on performance, feed effi ciency and ultrasound carcass composition traits, and SC. Comparisons of least square means between RFIp groups were performed using Tukey's post hoc test. A generalized linear mixed model (GLIMMIX procedure of SAS) was used to examine the effect of RFIp group on percent normal sperm and percent motile sperm with a Poisson distribution, and the default log option was used for the link function. The BSE score was analyzed using χ 2 (FREQ procedure of SAS) analysis.
RESULTS AND DISCUSSION
The initial age of the bulls averaged 321 d across the 5 trials and ranged from 291 d in Trial 1 to 353 d in Trial 3 (Table 2 ). Initial BW averaged 309 kg and ranged from 265.7 in Trial 5 to 352.8 kg in Trial 3. Bulls in Trial 2 had the least ADG (0.95 kg/d) and DMI (8.52 kg/d) compared with bulls during the other 4 trials. The reduced performance of these bulls likely refl ects the fact that this trial was conducted in the summer (June to July), whereas the other trials were conducted from January to March when environmental conditions were more favorable. Gain to feed ratio ranged from 0.11 for Trials 2 and 3 to 0.17 for Trial 4. The SD for RFI were 1.09, 0.71, 0.91, 0.77, and 1.06 kg/d for Trials 1 through 5, respectively, which are within the range of SD for RFI previously reported for growing cattle fed highroughage diets (0.74 to 1.47 kg/d; Arthur et al., 2001b,c; Schenkel et al., 2004) and high-concentrate diets (0.66 to 0.83 kg/d; Basarab et al., 2003; Nkrumah et al., 2004) .
Previous studies (Herd and Bishop, 2000; Arthur et al., 2003; Basarab et al., 2003; Schenkel et al., 2004; Nkrumah et al., 2007) have included trial as a fi xed effect in models to compute RFI to adjust for intercept differences due to trial but did not consider trial × independent variable (ADG, MBW) interactions to adjust for potential slope differences in DMI among trials. Trial is fundamentally a random variable given that inference is to be made about future trials. Thus, the variation attributable to trial ×s independent variable interactions should be considered when computing RFI across multiple trials. St-Pierre (2001) indicated that including the effect of trial and trial × independent variable interactions is important to avoid bias of the residual when performing regression across multiple trials. In the current study, multiple breeds were examined across trials using 2 types of intake measurement systems (GrowSafe system vs. Calan gate) with the trials conducted at multiple sites and month of the year. Despite these differences between trials, the inclusion of trial and trial × independent variable (MBW and ADG) interactions as random effects (random-effects model) in the model to compute RFIp only slightly improved the R 2 compared with the trial fi xed-effect model (trial only; R 2 = 0.672 vs. 0.662, respectively). Lancaster et al. (2009a,b ) also compared a random-effects model (trial × independent variable interactions) with a trial fi xed-effect model to determine RFIp in growing heifers and bulls. In both studies, the randomeffects model accounted for little additional variation in DMI (R 2 = 0.555 vs. 0.546 for heifers; 0.803 vs. 0.802 for bulls, respectively) compared with the trial fi xed-effect model.
Stepwise regression analysis using the trial fi xedeffect model revealed that fi nal BF accounted for additional variation in DMI (R2 = 0.676 vs. 0.662), although the other ultrasound carcass composition traits (initial BF and LMA, gain in BF and LMA, and fi nal LMA) were not signifi cant (P > 0.11). The increase in variation in DMI attributed to fi nal BF in this study was slightly less than in previous studies Basarab et al., 2003; Lancaster et al., 2009b; Kelly et al., 2010) , which reported that carcass fat traits accounted for 2% to 4% of additional variation in DMI not explained by MBW and ADG. Furthermore, the inclusion of fi nal BF in the random-effects model accounted for more variation in DMI compared with when fi nal BF was added to the trial fi xed-effect model (R2 = 0.703 vs. 0.676). Lancaster et al. (2009a) also found that the additional variation in DMI attributed to carcass fat beyond that explained by MBW The number of bulls and breed for Trials 1 to 5 is as follows: 1 = 62 Bonsmara bulls, trial 2 = 48 Angus bulls, trial 3 = 17 Angus bulls, trial 4 = 27 Angus bulls, and trial 5 = 50 Santa Gertrudis bulls.
2 Initial age = age at start of trials; age at BSE = age at time breeding soundness examination conducted; RFIp = residual feed intake; BF =12th-rib back fat thickness; LMA = LM area.
3 Data are not available for initial SC for Trial 5. RFIp 0.98* *Correlation coeffi cient is different from 0 at P < 0.05. **Correlation coeffi cient is different from 0 at P < 0.10. 1 Initial age = age at start of trials; BF = 12th-rib back fat thickness; RFIp = residual feed intake; RFIc = carcass fat adjusted RFI.
and ADG was larger when the model included trail and trial × independent variables as random effects compared with when trial was included as a fi xed effect. These results suggest that the inclusion of trial and trial × independent variable interactions as random effects may be more appropriate when additional variables beyond MBW and ADG are being considered in models to calculate RFI.
Means of fi nal SC ranged from 31.0 to 36.9 cm across the 5 trials. Initial and fi nal SC were the least (24.5 and 31.0 cm, respectively) for Bonsmara bulls (Trial 1), which were also younger and lighter compared with the bulls in the other 4 trials. The Angus bulls in Trial 3 had the largest initial SC (34.6 cm) and were the oldest and had the heaviest initial BW at the start of the trial. Numerous studies have reported that BW and ADG are favorably correlated with SC in growing bulls (Barber and Almquist, 1975; Bourdon and Brinks, 1986) . The proportion of sperm with normal morphology ranged from 64.2% in Bonsmara bulls to 90.8% for Angus bulls in Trial 4 (Table 2 ) and refl ects possible differences in breed as well as age. Fields et al. (1982) reported that the proportion of morphologically normal sperm increases with bull age. Bonsmara bulls were 12 mo of age, whereas the Angus and Santa Gertrudis bulls were between 14 and 15 mo of age when BSE examinations were conducted. Normal sperm percentages measured in this study were within the range of 44% to 90% reported by Fields et al. (1982) and Tatman et al. (2004) for bulls of similar age. Progressive sperm motility ranged from 23.7% for Bonsmara bulls in Trial 1 to 48.2% for Angus bulls in Trial 2, which was within the range of 8% to 60% reported in previous studies (Fields et al., 1982; Tatman et al., 2004) .
Phenotypic correlations among trial-adjusted growth and feed effi ciency traits are presented in Table 3 . Dry matter intake was positively correlated with initial BW (0.40) and ADG (0.60) and both RFI traits (0.71 and 0.69 for RFIp and RFIc, respectively), which is consistent with results from previous studies (Herd and Bishop, 2000; Hoque et al., 2005; Nkrumah et al., 2007; Lancaster et al., 2009b) . Both RFIp and RFIc were negatively correlated with G:F (−0.70 and −0.68, respectively), indicating that selection for RFI would also result in more desirable G:F (Lancaster et al., 2009b; Kelly et al., 2010) . As expected, RFIp was independent of initial BW and ADG, such that bulls with low RFIp (<0.50 SD from mean RFIp) phenotypes consumed 20% less DM than bulls with high RFIp, whereas ADG, hip height, and final BW were similar (Table 4) . Numerous studies have found RFIp to be genetically independent of growth and BW in beef cattle (Archer et al., 1997; Arthur et al., 2001b,c; Basarab et al., 2003; Nkrumah et al., 2004 Nkrumah et al., , 2007 Crowley et al., 2011) , although weak genetic correlations have been reported in several studies (Herd and Bishop, 2000; Schenkel et al., 2004) . Bulls with low RFIp had 10% less fi nal BF but similar LMA compared with high-RFIp bulls, which is in agreement with previous studies in growing beef cattle Basarab et al., 2003; Nkrumah et al., 2007; Kelly et al., 2010) .
Phenotypic correlations among feed effi ciency and fertility traits are presented in Table 5 . Gain in SC was positively correlated with ADG (0.28), and initial and fi nal SC were positively correlated with DMI (0.27 and 0.22) and fi nal BF (0.22 and 0.20, respectively). Bourdon and Brinks (1986) also reported a phenotypic correlation of 0.25 between SC and postweaning ADG in Hereford bulls. In a study with growing bulls involving multiple breeds, Schenkel et al. (2004) found that SC was genetically correlated in a positive manner with DMI (0.33), ADG (0.24), and fi nal BF depth (0.19).
Although gain in SC was negatively correlated phenotypically with G:F (−0.28), fi nal SC was not correlated with G:F or either of the RFI traits. In fact, bulls with divergent RFIp phenotypes had similar initial and fi nal SC and gain in SC (Table 4 ). In agreement with this study, Arthur et al. (2001a) and Schenkel et al. (2004) found that fi nal SC was phenotypically and genetically independent of RFI in growing bulls. Crews et al. (2006) derived a 3-trait selection index for growing bulls based on RFI, ADG, and 365-d yearling BW to predict genetic merit for net revenue of feedlot progeny. The index value was favorably correlated with RFI, DMI, and ADG (0.74, −0.22, and 0.53, respectively) but was not correlated with yearling BW, such that high-index bulls consumed less DM, gained faster, and had similar yearling BW compared with bulls with low index values. The selection index tended to be positively correlated with SC (0.16), which likely refl ects the positive association between SC and ADG. These results suggest that multipletrait indexes that incorporate RFI would not be expected to result in unfavorable selection for low SC.
Sperm morphology was not related to ADG but was weakly correlated with DMI (0.17) and G:F (−0.17) and fi nal BF (0.16). Moreover, sperm morphology tended to be weakly correlated to RFIp (0.13) . This association between sperm morphology and RFIp resulted in low-RFIp bulls tending to have a reduced percentage of normal sperm compared with bulls with medium and high RFIp (77.2%, 77.7%, and 74.0%, respectively) . However, when RFI was adjusted for fi nal BF, the magnitude of the association with sperm morphology was reduced. Progressive motility of sperm was not signifi cantly correlated with ADG, DMI, G:F, or either of the RFI traits. Although this study found no association of sperm morphology with ADG, Siegel (1963) and Marini and Goodman (1969) found that selection for rapid growth was associated with a lower percentage of normal sperm and lower motility in broilers and bulls. Inadequate body fat has been reported to negatively impact SC, sperm motility, and sperm morphology in bulls (Barth and Waldner, 2002) ; however, excess fat has also been associated with decreased sperm production and seminal quality (Mwansa and Makarechian, 1991; Coulter et al., 1997) . Barth and Waldner (2002) reported that signifi cantly fewer bulls with body condition scores of 2.0 produced semen categorized as "satisfactory" (minimum sperm motility of 30% and minimum sperm morphology of 70% normal sperm cells) compared with bulls with moderate body condition scores (3.0 to 3.5). Coulter et al. (1997) reported reduced sperm motility and a decreased proportion of normal sperm in growing bulls fed high-energy diets compared with bulls fed moderate-energy diets. Coulter and Bailey (1988) suggested that excessive fat deposited in the neck of the scrotum and scrotal tissue may limit adequate heat dissipation resulting in detrimental effects on semen motility and morphology. In this study, low-RFI bulls were leaner compared with high-RFI bulls (0.57 vs. 0.63 cm), which may have contributed to the tendency for low-RFI bulls to have reduced percentages of normal sperm. Morisson et al. (1997) found that multiple generations of divergent selection for RFI in Rhode Island Red chickens did not affect the proportion of normal sperm in cockerels. However, sperm from low-RFI cockerels had greater motility compared with sperm from high-RFI cockerels. Cockerels selected for high RFI had decreased mitochondrial content in the sperm cells. Because ATP generated by mitochondria is essential for sperm motility, Morisson et al. (1997) suggested that differences in mitochondrial function may have contributed to the inferior sperm motility in the high-RFI line cockerels.
Breeding soundness scores of bulls with divergent RFIp are presented in Table 6 . The proportion of bulls that had satisfactory or unsatisfactory BSE scores was not affected by RFI phenotype group. Breeding soundness evaluations were based on minimal requirements for SC at a given age, minimum sperm motility (30% motile sperm), and minimum sperm morphology (70% normal sperm cells; Chenoweth et al., 1992) . All 3 aforementioned measurements were required to assign a BSE score; therefore, bulls missing 1 or more measurements were not assigned a BSE score. Consequently 52 of the 204 bulls evaluated for this study were not assigned a BSE score.
Several studies have reported associations between RFI and age of puberty of growing females (Arthur et al., 2005; Basarab et al., 2007 Basarab et al., , 2011 Shaffer et al., 2011) . Arthur et al. (2005) reported that Angus cows selected for low RFI after 1.5 generations had a tendency to calve 5 d later than their high-RFI counterparts. In agreement with this study, Basarab et al. (2007) found that dams of progeny with low RFI calved, on average, 5 to 6 d later than dams of progeny with high RFI. Furthermore, Shaffer et al. (2011) reported a negative linear relationship between RFI and age at puberty such that a 1-unit increase in RFI corresponded to a decrease of 7.5 d in age at puberty. A recent study by Basarab et al. (2011) found that heifers with low RFI had decreased subsequent pregnancy rates compared with heifers with high RFI. However, when RFI was adjusted for ultrasound BF depth and feeding event frequency, heifers with low RFI had similar pregnancy rates. Growing evidence suggests that measuring phenotypic RFI of a contemporary group of heifers that includes both pre-and postpubertal animals will result in later-maturing heifers being ranked as more effi cient compared with earlier-maturing heifers, as they have additional energy demands associated with sexual development and activity (Basarab et al., 2011) . It is reasonable to assume that bulls reaching puberty may experience increased energy demands associated with sexual activity and development; however, it remains unclear whether or not age of puberty will affect RFI in bulls.
Results from this study suggest that RFI is not phenotypically associated with SC or sperm motility but is weakly associated in an unfavorable manner with sperm morphology in growing bulls. Inclusion of RFI as a component of a multitrait selection program has the potential to improve the profi tability of beef production systems with minimal effects on performance traits. Further research is warranted to further explore associations between RFI in bull fertility traits in growing bulls.
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